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ABSTRACT

An invedtigation of the inhibition properties of Phosphorus-Containing Compounds (PCCs) in
moderately strained (global strain rate of 300 s*) non-premixed methane-N,/O/Ar flamesis
presented. The effect of DMMP (dimethyl methylphosphonate, O=P(OCHz),(CHs) ) on
relative OH concentration profiles was measured using quenching-corrected Laser-Induced
Fuorescence (LIF) for the first time. LIF measurementsindicate a reduction in the total OH
present of 23% for a non-premixed methane-air flame doped with 572 ppm of DMMP. Asthe
gtoichiometric adiabetic flame temperature isincreased via subgtitution of Ar for N, inthe
oxidizer stream, the measurements show a strong decrease in the magnitude of the OH
reduction. Experimenta results show reasonable agreement with computationa predictions
made using akinetic modd that has been proposed for DMM P decomposition and
phosphorus-radica chemigtry. Anadysis of the computationa results shows that the reactions
involving phosphorus remove H and O atoms from the radical pool, thus weskening the flame.
These reactions produce OH directly, but the rest of the mechanism respondsto O and H
reductions by reducing OH levels. The key reactions involved in this inhibition process are
identified.



INTRODUCTION
Since the advent of the Montreal Protocol in the 1990, which banned the manufacture

of avariety of halogenated compounds including the fire suppressant CF;Br, there has been a
grong interest in the development of new chemicdly active fire suppressants. One of the
classes of compounds that are under consideration are phosphorus-based agents, such as
DMMP (dimethyl methylphosphonate, CAS #756-79-6, O=P(OCHj3),(CHz)). Extinction
measurements on non-premixed, atmospheric-pressure flames have demonstrated DMMP to
be a highly effective suppressant (2-4 times more effective than CF;Br) [1]. Even when usedin
quantities that are insufficient to cause extinction, fire suppressants are generdly observed to
inhibit flame chemigtry viaphysicd and/or chemicd effects. The mechanism for phosphorus-
based inhibition is believed to be cataytic recombination of flame radicas (H, OH, O) by
phosphorus-containing radicals [2, 3] formed following the decomposition of the parent
compound [2, 4]. This mechanism is analogous to that of halogen-based suppressants[5, 6].
The influence of phosphorus-containing compounds (PCCs) on radical concentrationsin flames
has been demonstrated experimentaly. Chemiluminescent emission spectroscopy was used to
observe changesin OH by Ibiricu and Gaydon [7] aswdll as Hastie and Bonndll [2], who aso
observed changesin H atom concentrations using a Li/Na emisson technique. Quditative laser-
induced fluorescence (LIF) measurements have shown reductionsin OH fluorescence due to
the addition of DMMP [8]. In addition, quantitative laser absorption measurements of OH ina
flow reactor have shown that the addition of PH; (phosphine) to Hx-O, combustion product
gases increases H+OH recombination rates following laser photolysis[3]. A more complete

literature review of the influence of PCCs on flames can be found in[1, 5.

Extinction sudies under a variety of flame conditions found a Sgnificant temperature
dependence for DMMP effectiveness, with higher effectiveness being observed at lower
stoichiometric adiabatic flame temperatures[9]. The existence of atemperature dependence for
phosphorus-based flame inhibition was first suggested by Hastie and Bonndll in 1980 [2], but
since then there has been little investigation of this behavior. There is one computationa study



on premixed flame speeds [5], but asde from [9] there is no experimenta work, of which we
are aware, in which flame temperature has been systematicdly varied. The influence of flame
temperature on inhibition effectiveness is an important consideration in eva uating the feagibility
of new phosphorus-based flame suppressants, and has direct bearing on how to maximize their
effectivenessin practicd gpplications. Theindicated trend implies that a mixture of inert and
phosphorus-based suppressants could interact synergisticaly as the inert component cools the
flame, thus increasing the efficiency of the chemicdly active component. The use of suppressant
mixtures not only increases the overall efficiency of the suppresson system, but dramaticaly
lowers the quantity of the chemicaly active component used, thus decreasing environmental
concerns and possible health impacts. A similar temperature dependence has been
demonstrated for CF3Br, including the observation of synergidtic interaction with the inert
suppressants N, CO, and H,O [10, 11]. Increased effectiveness at lower flame temperatures
has a so been observed for the iron-based suppressant Fe(CO)s [12, 13].

Our godsfor the current sudy are to unambiguoudy identify and quantify the
temperature dependence for flame inhibition by DMMP and to gain further insght into the
inhibition mechanism. To this end, the influence of DMMP on OH concentration profiles has
been studied in an opposed-jet burner using quenching-corrected laser-induced fluorescence
(LIF). Only alimited number of measurements of OH concentrations in the counterflow
configuration have been reported [14-17]. Severd studies have utilized LIF to observe changes
in OH concentration in flames doped with ha ogenated suppressants [ 18-20], while work with
flames doped with phosphorus-containing agents is far more limited [8, 16]. In the present
work, the inhibition "effectiveness’ of DMMP is evaluated in terms of the reduction in OH
concentration dueto its presence. A series of four non-premixed, atmospheric-pressure flames
of methane versus O,/N /Ar mixtures were sudied. FHame temperature was varied by changing
the proportions of N, and Ar in the oxidizer Sde diluent, while maintaining 21% (by vol) O, and
thus a congtant stoichiometric mixture fraction of 0.055. Experimenta results are dso
compared to predictions from numerica caculations made using a kinetic mechanism [16] that
has been proposed for DMMP decomposition and phosphorus-containing radical chemidiry.



The key reactions in the mechanism that are reponsible for the observed inhibition of OH are
identified.

EXPERIMENTAL METHOD
M easurements:

Our opposed-jet burner geometry and dopant delivery system have been detailed
previoudy [1, 9]. The reactant nozzles are straight glass tubes without screens (0.98 cm 1.D.)
with a separation distance of 0.95 cm between opposing nozzles. Methane fud flows from the
lower tube, and the oxidizer is introduced from the upper tube. Reactant streams are
maintained at 100°C, in order to prevent DMMP from condensing on reactant tube walls.
Table 1 ligts the composition and stoichiometric adiabetic flame temperatures for the four flames
studied; note that these temperatures are dightly higher than typica due to the reactant prehest.
All flames have agloba strain rate, a, of 300 s* as calculated from reactant stream flow rates
and nozzle geometry using Eq. 1 [21]:

(0]
a= +—F = T 1

L refersto the separation distance between the nozzles; V is the volume averaged stream
veocity; and r isthe stream dengity, with the subscripts O and F referring to oxidizer and fud
repectively. Equation 1 assumes plug flow boundary conditions a the nozzle exit planes. The
fud and oxidizer velocities are chosen to be momentum baanced, which places the stagnation
plane in the center of the burner in the absence of aflame. When the flame is etablished, these
conditions lead to a stable, laminar flame that is well centered in the burner.

Cdculations of the undoped flames were made using the OPPDIF code version 8.5
from the CHEMKIN 111 Suite[22]. The full GRI-MECH 3.0 mechanism, including nitrogen
chemigtry, (53 species, 325 reactions) [23] was employed. Mixture averaged diffusion



velocities were used, and thermd diffuson was neglected. Opposed-jet burners are typically
modeled as having ether potentid flow (linear axid velocity gradient) or plug flow (zero axid
velocity gradient) boundary conditions, athough measurements indicate that the actua velocity
field lies somewhere between the two gpproximations [24]. Calculations were performed for
severd different boundary conditions, as described below. The boundary conditions of
potentia flow with centerline axia velocities of twice the measured volume averaged velocities
for the fuel and oxidizer streams were selected for use in this study, because the resulting OH
profiles most closaly agreed with our observed profiles. The factor of two for the centerline
velocitiesis gppropriate because the flow in the straight-tube reactant nozzles (L/D > 30) is
expected to be close to Poisadille flow, in which the centerline velodity is twice the volume
average. Temperature profiles predicted by 1D caculations have been found by other
researchers to be in good agreement with measurements made in opposed-jet burners under a
variety of conditions using spontaneous Raman scattering in CH,/O,/N; [25] and Hy/air [14]
flames, thin SC filament pyrometry in CHy/O,/N, flames[26] and CARS in propane/air flames
[27].

OH concentration measurements were made using point-wise LIF. Figure 1 showsa
schematic of the experimenta set up. Profile measurements were made by traversing the laser
beam and collection optics smultaneoudy across the flamein 100 nm steps. The trandation
stages used have aresolution of 10 mm. Excitation of the Py(9) trangtion of the A- X (1,0)
band near 286 nm was made using a frequency-doubled Quanta Ray PDL 2 pulsed dye laser,
nomind linewidth of 0.2 cm*, with rhodamine 590 dye. This transition was selected due to the
weak temperature dependence of the rotationa ground state population in the temperature
region of interest (<10% variation for 1400K<T<2500K), which helps maintain astrong LIF
ggnd acrossthe entire OH profile. The dye laser was pumped with a6-7 ns pulse at 532 nm
provided by afrequency-doubled Spectra Physics DCR 2A Nd:YAG laser operating at 10 Hz.

Detection of OH fluorescence was performed at 90° to the laser beam axis using an
RCA 8850 photomultiplier tube and color glass filters (Schott WG305 and UG11) which
tranamit light in the 305-371 nm range. The photomultiplier sgnd was amplified by a SRS240
6



Fast Preamplifier (Stanford Research Systems). Thefilter combination used blocks elagtically
scattered laser light (and near-elastic resonant fluorescence) while passing fluorescence emisson
from the (1,1) band (312-326 nm) and emission from the overlapping (0,0) band (306-320 nm)
which can occur following collisondly driven Vibrationd Energy Trandfer (VET) fromthen’ =
ltothen’ =0 dates. At atmospheric pressure, VET rates can be significant [28, 29] with
more than athird of the total measured fluorescence originating from the (0,0) band when using
excitation/detection schemes smilar to ours[30]. Fuorescence trapping of emission from the
(1,2) band is negligible due to the smal population of the eectronic ground statewithn’” =1
over the temperature range under consideration. Some tragpping will occur for fluorescence
emission originating from the (0,0) band, but the effect is smal due to the short path length
through the flame (less than 1 cm) and is not expected to influence the measurements [31, 32].
PAH fluorescence is a common form of interference observed when using this
excitation/detection scheme, if agnificant levels of PAH are present [31]. The moderately
grained laminar flames under investigation here are virtualy soot-free, and consequently PAH
fluorescence was expected to be low. Measurements taken with the dye laser tuned off
resonance confirmed that interference from PAH was negligible. The combination of the
focussed (; =30cm quartz focussing lens) UV laser beam and dits in the detection optics give a
probe volume of less than 100 nmin diameter and 1.5 mm in length. The opposed-jet burner
flaneislocdly planar near the centerline with the long axis of the probe volume digned in the
plane of the flame surface. Laser pulse energy was monitored using a UV-sensitive photodiode.
Both the LIF and laser energy signds were integrated on a shot-by-shot basis using an SRS
250 Boxcar Integrator and Averager (Stanford Research Systems), and recorded on a persona
computer using a GW Instruments data acquisition card. Operation within the linear LIF regime
was ensured by checking the linearity of LIF sgnd strengths with pulse energy for dl messured
data points [33].

To avoid errors associated with wavelength drift of the dye laser and the resulting
changesin the spectra overlap of the laser and molecular absorption lineshapes, the output

waveength of the dye laser was scanned across the P, (9) trangition at each measurement



location using a stepper motor to adjust the grating in the dye laser cavity. 100 measurements
of OH fluorescence and laser pulse energy were acquired at each haf-step of the motor (one
half-step corresponds to a wavelength change of approximately 0.0012 nm), and the haf-step
motor position with the maximum average ratio of fluorescence sgnd to laser pulse energy was
taken to be the absorption line center for the trangtion. LIF datafor that half-step motor
position were used for the subsequent evauation of OH concentration. The repeatability of this
procedure was found to be within £5% of the mean observed ratio. The average ratio of OH
fluorescence Sgnd to laser pulse energy was found by fitting the 100 measurements to a straight
line using linear regression andyss. The gatidtica uncertainty (one standard devidion) in the
fitted dopes was less than £3%. Additiond uncertainty in these dopes arises from statistica
uncertainty in the measurement of the zero leve in the presence of dectricd noise from the
Nd:YAG laser. Statistica scatter in the zero measurement (= one standard devietion)
corresponds to an uncertainty of +£3-5% of the peak dope for al data pointsin the profile. In
addition to shot noise and dectrica noise, the Satigtica uncertainty in the measurements reflects
fluctuationsin flame location. For these aerodynamically stabilized flames, perturbationsin the
resctant flow can cause small, momentary flame displacements. The 100 shot LIF averaging
process will largely compensate for these oscillationsiif they occur. Particularly for
measurements made in regions where the curvature of the OH profileis not large, i.e. away from
the immediate vicinity of the OH pegk and the profile edges, causing smdl, random fluctuations
in flame pogtion to yield symmetric fluctuations in the LIF Sgnd thet will averageto zero. The
total uncertainty for each measured data point in a given profile due to these random errors was
found by summing the contribution of the uncertainties described above (assuming satistica
independence) and is estimated to be less than +10% of the peak vaue in the profile.
Uncertainty esimates will beillustrated for sample profilesin the Results section.

In order to quantify the fluorescence measurements, corrections for collisond quenching
and the fraction of the OH population thet isin the pumped rotationd level must be made.
However, the overdl effect of these corrections on the profile shape is smal, asis expected for

our excitation/detection scheme in non-premixed atmospheric-pressure flames [17, 34, 35].



Equation 2 relates the fluorescence signd to the concentration of OH assuming low laser energy

(i.e. negligible saturation of the excited trangition) [36]:
F = CBIfNF . 2

Here F isthe total fluorescence sgnd; C isaconstant that incorporates geometric factors such
as collection solid angle and probe volume as well as detector efficiencies and gain
characteridics of the integrators, amplifiersetc.; B isthe Eingtein coefficient for simulated
absorption; | isthe spectra overlgp integral between the laser intensity and the molecular
absorption lineshape, temporally integrated over the duration of the laser pulse; N isthe total
OH population, and f isthe fraction of the population that is present in the ground date
rotational level excited by thelaser; and F is the fluorescence quantum yield, which depends on
the locd quenching and VET rates.

Species and temperature profiles from the undoped-flame ca cul ations were used to
estimate the required correctionsto the linear LIF data for both doped and undoped flames.
The fraction of the ground state population in the pumped rotationd leve is determined using the
locd gas temperature given by the caculaions and assuming rotationa therma equilibrium
(Boltzmann digtribution), as implemented in the spectrd simulation software LIFBASE [37].

The totd fluorescence yied can be estimated using [30]:

F=—0 (3
Ql + VlO
where A; and A, are the spontaneous emission ratesfor then’ = 1 and n’ = 0 vibrationa
levels, respectively. Equation 3 has been smplified by assuming equa transmission and
detection efficiencies of the collection opticsand PMT for both the (1,1) and (0,0) bands. Q,
and Qo are the total quenching ratesfor then’ = 1 and n’ = 0 levels, and Vyp isthetota VET

ratefromn’ =1ton’ =0. Theinfluence of VET rates on the fluorescence quantum yield is



primarily due to the higher spontaneous emission rate of then’ = 0 state (A1/Ao » 0.575) [38].
The quenching and VET rates are evaluated usng Eqg. 4 [30, 38]:

Qv =87k 188 /() 0u (1), @

where Pispressure; T istemperature; K, is Boltzmann's congtant; c; isthe mole fraction of
OH collison partner peciesi; <n>;_oy isthe mean rdative collison velocity of speciesi and
OH given by <n>j.o=(8ky T/pm.on)Y2 where moy is the reduced mass of speciesi and OH;
and s;°2Y(T) isthe vaue of the quenching or VET (superscript Q or V respectively) cross
section for collisons with speciesi, averaged over dl rotationd levelsin agiven vibrationd leve,
assuming rotationd thermd equilibrium.

Subgtitution of Eq. 4 into Eq. 3 followed by some agebraic manipulation yids [30]:

Can 6%s?) 0 (s¥) U
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where <s %>, <s %>, and <s V>, represent the sum over dl collison partners of the thermally
averaged cross sections for quenching from n’ = 1, quenching from n’ =0, and VET from n’ =
1ton’ =0, respectively. Fewer quenching cross-section measurements have been made for
then’ = 1 state than for n* = 0 [28, 39], but results indicate smilar vaues to those found for the
n’ =0 date. We have therefore approximated the quenching environment for both states as
being that for the n’=0 state, or equivalently <s ®>,/<s %>, » 1. Theratio of averaged VET
cross sections to the averaged quenching cross sections is assumed to be independent of
position in the flame (e.g. <s V>10/<s %>, » congtant). As aresult, the quantity in square
bracketsin Eq. 5 becomes a congtant, and the fluorescence yield is smply inversdy
proportiond to the quenching reate for the n’ = 0 state (taken to be equal to that for n’ =1). To
confirm the validity of the assumption <s V>14/<s %>, » congtant, we have estimated the VET
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rates and resulting fluorescence yidd according to Egs. 3 and 4, using the limited available VET
cross-section data [28, 39, 40], some of which are reported only as upper bounds, along with
magor species and temperature profiles from caculations. These estimates indicate that the
error in the fluorescence quantum yield introduced by this gpproximation is less than 5%.
Vauesfor the quenching rate cross-sections used in this work are taken from temperature-
dependent quenching cross-section data compiled by Tamura et a. [41] from the extensive
measurements that have been made for the n’=0 state of OH.

The caculated quenching rate varies by 15% across the OH containing regionsin flame
1. Thisvariation is moderated by the presence of alarge concentration of N, which hasa
relatively smdl gradient in the flame zone. For flame 4, where Ar (a highly inefficient quencher)
has been subgtituted for N, the variation is substantialy higher at 30%.

The same quenching environment was assumed for flames both with and without
DMMP loading. The maximum phosphorus loading was only 715 ppm. Since the mole
fractions of phosphorus-containing species will be smal inthis casg, it is expected that they will
not contribute significantly to quenching of OH. Changesin mgor pecies profiles due to the
presence of DMMP are not expected to be large enough to significantly change the overal
quenching environment. Changes in flame temperature due to the addition of these smdl
loadings of DMMP (see Ca culations with Phosphorus Kinetics section) were also found to be
negligible (<10K).

After correcting for the fluorescence yield and the Boltzmann fraction of the pumped
rotational leve, the corrected LIF profile is directly proportiona to OH concentration. An
estimate of the scaling congtant relating the corrected LIF measurements to absolute OH
concentrations can be made by matching the peak of the measured profile from the undoped
flame to the peak OH concentration predicted by the flame calculations. This matching does
not affect our observations of PCC effects on OH, which are dl presented normdized to the
undoped flame measurements. For profiles measured in flames doped with phosphorus-

containing additives, the scaling congtant is determined from undoped profiles taken on the same
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day with the same instrument settings. Because the same congtant is used for both doped and
undoped flames, quantitative comparisons can be made between the two cases. Determination
of the magnitude of the scaling congtant is performed by minimizing the mean-square-error
between calculated and measured profiles (viaaleast squares technique). For this minimization,
only data points above 50% of the measured peak vaue were consgdered. Minimization of
error was performed via adjustment of the scaling congtant and a position offset (i.e. the offset
between the measured flame center, as indicated by the trandation stage micrometers, and the
computationa flame center). Determination of this scaling congtant essentidly calibrates the
congtant C from Eq. 2, assumed to be constant for agiven set of insrument settings. This
scaing procedure affects only the magnitude and position of the observed fluorescence profile
and not the shape or width.

Cdculations with Phosphorus Kinetics:

To investigate the cause of the OH concentration changes observed in the LIF
experiments, a set of flame caculations was performed using a proposed mechanism for
DMMP decomposition and phosphorus-radical chemistry [16] that has been developed in
recent years. This mechaniam is based on 1) the kinetic data used for the andyss of the
influence of PH; on radica recombination ratesin the combustion products of a hydrogen flame
[42, 43] and 2) on kinetic models used for describing DMMP and TMP (trimethyl phosphate,
CAS#512-56-1, P(=0)(OCHz)3) destruction in alow pressure hydrogen flame [44, 45].
Reactions of phosphorus-containing species with radicals and intermediate species of
hydrocarbon combustion have been included [16]. Reactions have been added to the scheme
to complete destruction pathways for some species [16]. The current version of this
phosphorus mechanism includes 27 species and 166 reactions. Thermochemical data compiled
by Babushok [46] for phosphorus-containing species are mostly taken from Refs [3, 47-49).
Methane-O, chemistry was modeled using GRI Mech 3.0 [23] with nitrogen chemistry
removed (36 species, 219 reactions retained). The phosphorus mechanism predicts reductions

12



in extinction stain rates for non-premixed methane-air flames due to the presence of DMMP
[16] that are in agreement with experimentd results from MacDondd et d. [1]. An earlier
version of the mechanism has aso been used to predict the effect of DMMP on premixed flame
gpeeds[5]. Figures 2aand 2b illustrate the mgor species profiles from these caculaions for
flames 1 and 4 without dopant addition. Calculations were performed for dl four flames using
the combined mechanisms (phosphorus and GRI Mech), both with and without the addition of
572 ppm of DMMP. Cadculations with the combined mechanisms required a higher degree of
mesh refinement (both GRAD and CURV parameters for OPPDIF script = 0.1, yielding 250-
300 grid points) than the GRI Mech cdculations in order to produce OH profiles for the doped
flames that were independent of grid Sze.

RESULTS
Measurements

Figure 3 shows a comparison between measured and caculated OH concentration
profiles for flames 1 and 4, the coolest and hottest conditions respectively. Multiple profiles, dl
undoped, are shown to illustrate the repesatability of these measurements. The agreement
between measured and calculated profilesis seen to be quite good. The intermediate cases of
flames 2 and 3 are in Similar agreement between measured and computed profiles. Agreement
in peak OH concentration is expected since calculated profiles are used to estimate peak
concentrations in our messurements for each flame. There is aso good agreement in the profile
shape, which is not affected by the matching procedure, including the degree of asymmetry, and
width (FWHM). The peak concentration, as determined by the calculations, is seen to increase
by 66% from 0.041 mol/n? for flame 1 to 0.069 mol/n7 for flame 4, which has a stoichiometric
adiabatic flame temperature that is 286K hotter than flame 1. 1t should be noted that the pesk
temperatures, from laminar flame caculaions (see Table 1), for these moderately strained
flames are gpproximately 300K cooler than the stoichiometric adiabatic flame temperatures,
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athough the difference in cadculated peak temperatures for flames 1 and 4 (319K) is
comparable to the change in the stoichiometric adiabatic flame temperature (286K).

Figure 4 illudrates the variation in computed and measured OH profile widths (FWHM)
with adigbatic flame temperature. All flame conditions are undoped. Both the calculated and
measured OH profile widths are observed to increase by approximately 40%, from 0.4 mm to
0.55mm, across the range of temperatures investigated. Good agreement between calculated
and measured profile widths is observed for dl undoped flames.

The velocity boundary conditions in the calculations can dso have a noticeable effect on
the calculated width of the OH profile. In order to investigate the influence of these boundary
conditions, two additiona sets of cd culations were performed, one for plug flow boundary
conditions with the measured volume averaged vel ocities and the other for potentia flow while
matching the maximum local strain rate to 480 s*, or 1.60 times the globa strain rate (Eq. 1)
(which required increasing the centerline velocity for the caculations to 2.8 times the volume
averaged value). The higher gtrain case was motivated by measurements of axia velocity
profiles made using Laser-Doppler Velocimetry (LDV) in asmilar burner configuration [50].
These measurements indicated a substantialy higher loca strain rate (axia velocity gradient on
the oxidizer Sde, evauated just upstream of the heeat release region) of gpproximately 1.60
timesthe globa drainrate. The origina cdculations, with boundary conditions of potentia flow
and velocities of twice the volume average, gave a computed velocity profile with a pesk loca
srain rate of approximately 1.18 times the global strain rate or 355 s*. The calculated OH
profile widths for the two additiond sets of boundary conditions are dso shown in Fig. 4. Both
additiond sets of boundary conditions predict smilar variaion in profile width with flame
temperature. However, the plug flow boundary condition overestimates the profile widths by
10-15%, and the higher strain rate case underestimates the widths by 5-8%. Finite spatial
resolution in the measurements (100 mm) limits the accuracy with which the experimenta width
can be determined. Hesat and radical losses to the burner as well asradiation, which are ignored
in those caculations, will aso contribute to the discrepancy between measured and calculated
profiles. However, these physicd loss mechanisms are not expected to be sgnificant in these

14



well isolated, non-sooting flames. Uncertainties associated with the chemica mechanism used
will influence the computed profile width and dso affect the level of agreement between
computed and measured profile widths.

The good agreement between the measured profiles and the cal culations made with
potentia flow boundary conditions with centerline velocities of twice the volume average
support our selection of this boundary condition for use in the quenching and Boltzmann fraction
correctionsto the LIF data. 1t should be noted that because of the relatively smal impact of the
temperature and quenching correction, the choice of the appropriate boundary conditions does
not substantidly influence the conclusions below about the influence of phosphorus additives on
OH concentration. Using profiles caculated with either of the aternate boundary conditionsto
correct the LIF data changes the observed reductions in total OH by less than 1%, well within
the uncertainty of the measurements.

Figure 5 illugtrates the effect of 572 ppm of DMMP on OH concentrationsin flame 1.
With this loading, flame 1 is close to extinction. A subgtantia reduction, approximately 20%, in
OH concentration is observed. The doped profile is seen to be smaller in magnitude, but the
width is not sgnificantly affected. In order to determine changesin the totd flame OH
concentration, the profiles are numericdly integrated, usng asmple trapezoidd rule
gpproximation, across the width of the flame, and then the integras from the doped and
undoped flames are compared. The integration technique is particularly ussful for quantifying
changes in the higher-temperature flames where the OH concentration profile is less affected by
the phosphorus-containing additive. Thereisa23+3% reduction in total OH (by this definition)
for the data shown in Fig. 5. The uncertainty results from the estimated statistical uncertainty of
the individud data points from the profile, and is closely comparable to the repeatability of the

measurement.

OH concentration profiles were measured for dl four flames with DMMP loadings up
to 715 ppm, with the exception of flame 1. A loading of 715 ppm of DMMPin flame 1 is
sufficient to cause extinction, a the globa gtrain rate used in this udy. Therefore the maximum
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loading used for that flame was 572 ppm, the next highest loading readily achieved
experimentdly. Figure 6 illustrates the retio of doped to undoped tota OH for the four flames
asafunction of loading. Raw datafor profilesfor al conditions studied in thiswork can be
found in the appendix of Ref [51]. Total OH appears within experimenta uncertainty to
decrease linearly with DMMP addition over thisrange of loadings. Results from the calculations
performed with the phosphorus kinetic mechanism, discussed below, for arange of DMMP
loadings from O to 720ppm, confirmed the linear variation in the OH reduction with loading.
Thelinear trends are cong stent with extinction measurements on non-premixed methane-air
flames which indicated a linear varigtion in DMMP effectiveness, defined in terms of reduction in
the globa extinction strain rate, for loadings up to 1500 ppm [1]. Linear variation in
effectiveness with loading is observed with most flame suppressants at low loadings. Linear
regression fits to the data for each flame are dso shown in Fig. 6. The most striking observation
from FHg. 6 isthe increase in inhibition effectiveness with decreasing flame temperature. The
highest-temperature case, flame 4, shows less than 5% reduction in total OH at the maximum
loading of 715 ppm, compared to 23% reduction in flame 1 for only 572 ppm.

We attempted extinction messurements for the flamesin thiswork, but were not
successful because the high extinction grain rates for flames 2 — 4 required dramatically higher
flow veocities that were well into the turbulent flow regime for our geometry. However, in an
earlier sudy we investigated the effect of DMMP on globa extinction strain rate for a variety of
different flame conditions with different stoichiometric mixture fractions and stoichiometric
adiabatic flame temperatures [9]. Effectivenessin terms of extinction strain rates for that work
was defined as the fractiona reduction in globd extinction strain rate divided by the mole

fraction of phosphorusin the flame:

(30~ 2)

1
Effectiveness, © ——F——. (6)
q Cp

&0

The subscript g indicates that the measurement is made at extinction conditions, and the
subscript O denotes the vaue for the undoped flame. Flame ca culations were used to esimate
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the mole fraction of phosphorus at the flame surface, ¢, taken to be the maximum temperature
contour. We observed asmilar trend of decreasing effectiveness with increasing temperature.
The stoichiometric adiabetic flame temperature in that study was varied in two ways. Thefirst
was by changing the stoichiometric mixture fraction from 0.05 to 0.7 while maintaining afixed
undoped globd extinction srain rate. The second was by decreasing the overdl dilution of the
flame while maintaining a stoichiometric mixture fraction of 0.5. The range in adigbatic flame
temperatures from that work (2130 - 2260 K) is substantially lower than that investigated here.
In order to compare the temperature dependence from the previous investigation to thet of the
current work, we define a measure of effectiveness, andogous to the one used in the previous
gtudy, in terms of OH reduction as the fractiond reduction in total OH concentration:
(TotalOH,, - TotalOH) 1

Effecti 0 = 7
VENESon Total OH,, c. )

Again, the subscript 0 denotes the measured vaue for the undoped flame. The flame
ca culations made with the combined GRI Mech and phosphorus mechanisms are used to
determine ¢, the total mole fraction of phosphorus (sum of mole fractions of al phosphorus-
containing species) predicted at the flame surface, taken to be the maximum temperature
contour. Because the stoichiometric mixture fraction isfixed for al flames, changesin c, are
negligible. The use of this parameter in the current work does not affect the observed trends
and isintroduced solely to provide a definition for effectiveness that is analogous to that used in
Ref [9] to facilitate a comparison to our previous extinction udies.  This effectiveness
definition is essentidly a messure of the dope of the linear trendsindicated in Fig. 6. Figure 7
shows a comparison of this effectiveness based on OH with the one based on the extinction
measurements from the previous study. The trends observed in the two data sets are in good
qualitative agreement, given that different measures of effectiveness are used. When comparing
the two data sets, it should aso be noted that for a given stoichiometric adiabetic flame
temperature, measurements performed at extinction conditions, such as those from [9], will have
a peak flame temperature that is cooler than that seen in the LIF measurements, which are
performed a afixed globa strain rate of 300 s*, below the value required to extinguish the
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flame. The effectivenessdatain Fig. 7 shows a substantid decrease in DMMP effectiveness
with increasing temperature. The unambiguous trends in the LIF data confirm the hypothesis of
Hastie and Bonnell [2] of decreasing inhibition with increasing flame temperature, with nearly a

90% decrease in effectiveness for a 300K increase in temperature.

Caculations with Phosphorus Kinetics.

The combined mechanism of phosphorus kineticsby Wainner et d. [16] and CH, - O,
kinetics from GRI Mech [23] was used to ca culate species and temperature profiles for al four
flames with and without the addition of 572 ppm of DMMP. The predicted temperature
profiles showed no significant effect from the addition of DMMP (<10K changein pesk
temperature). However, significant changes were observed in OH, H and O profiles. Figure 8
illustrates the doped and undoped profiles of OH, H and O for flame 1. Redldiveto the
undoped profile, the OH profile for the doped flameislower in magnitude. The changeis
smilar to that observed in the measured data, but not as large. A comparison of computational
predictions to measured datais shown in Fig 5. Itisinteresting that the reduction inH and O
atom concentrations seen in Fg. 8 is Sgnificantly greater than the reduction for OH, indicating a

larger effect of phosphorus chemistry on the concentrations of those species.

After performing the spatia integration of the computed profile across the flame, as
described above, the change in total OH between the doped and undoped cases is evauated.
Figure 9 shows a plot of effectiveness, as defined in terms OH reduction (Eq. 7), asafunction
of the stoichiometric adiabatic flame temperature for both the experiments and the
computations. The computationa and experimenta resultsin Fig. 9 display the same trend of
decreasing effectiveness with increasing temperature, athough the temperature dependence of
the computationa resultsis wesker. The magnitude of effectiveness from the flame cdculations
agrees well with LIF data from the highest temperature case, flame 4, but the caculations
under-predict effectiveness for flames 1-3. In these calculations the magnitude of the reduction
in OH (i.e. total OHyndoped - total OHgopeq) IS Nearly congant for dl flames. For these flame
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cdculaions, changes in the effectiveness (which isafractiona measure of the reduction of tota
OH) with temperature are due mainly to theincreases in the total OHynaoped, Which islarger by a
factor of 2.25 for flame 4 (CH,/O,/Ar) compared to flame 1 (CH,4/O,/N,) in the calculaions.
This estimate of the increase of total OH for the undoped flamesis not sufficient to explain the
variaion in effectiveness observed in the LIF measurements (reduced by afactor of 10 in flame
4 compared to flame 1).

The processes responsible for the observed reductions in [OH] were determined by
andysisof individua reaction rates from the phosphorus mechanism.  Since the experimenta
and computationd results both show areduction in OH concentration with the addition of
DMMP, it would be expected that the reactions involving phosphorus remove OH from the
flame. Infact, for dl four flames the sum of the chemica production rates for OH over dl
reactions involving phosphorus in the mechanism is positive across most of the OH profile,
indicating that these reactions directly produce OH rather than destroy it. Thus the drop in OH
upon introduction of phosphorus kinetic sub-mechanism must occur indirectly, through an effect
on rates of reactions not involving phosphorus-containing species. Poor efficiency for direct
recombination of OH by reactions involving suppressant species has been observed previoudy
for iron-based [52] and halogen-based [53, 54] suppressants. The net production rates for
flame radicds OH, H, and O by dl reactions involving phosphorusin flames 1 and 4 are shown
inFigs. 10aand 10b respectively. It isclear from these figures that the action of the
phosphorus-containing speciesis Smilar in both flames. The regions of radica
production/destruction in flame 4 are somewhat wider, in keeping with the wider flame (see Fig.
4), but the peak magnitudes of the production rates for H, O and OH are 5-10% lower.

The cause of the observed reduction in OH isthe fast remova of H and O atoms by the
reections involving phosphorus. Smyth et d. [55] have studied the interrelationships of H, O
and OH concentrations in non-premixed methane-air flames and found that while these pecies
are generaly not in equilibrium, their respective populations are till interdependent on one
another through avariety of fast radica shuffle reactions. Because of this interdependence, the
reductionsin H and O atom levels created by the reactions involving phosphorus, observed in
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Fig. 8 for flame 1, cause theradica shuffle reactions not involving phosphorus to respond by
reducing OH.

Figure 11 illudtrates the shift in OH production rates by the GRI sub-mechanism (sum of
OH production rates over reactions not involving phosphorus) due to the addition of 572 ppm
of DMMPto flame 1. The OH production in the doped flame is generdly lower than that in the
undoped case, particularly on the oxidizer side of the flame. Theindividud reactionsthat are
primarily responsible for the shift seen in Fig 11 were identified by comparing the shift in doped
and undoped reaction rates for al reactions not involving phosphorus. Three reactions show
ggnificant shiftsin OH production rates due to the presence of phosphorus. Two of these
reactions, R1 and R2, undergo a substantial decrease in OH production for the doped flame.
R1 isone of the important chain branching reactions.

O+ H,« OH+H. R1
H+HO,« OH+OH R2

The third reaction that undergoes significant changes due to addition of phosphorusis
R3:

OH + H2 « HzO"‘ H. R3

This reaction has been identified by Twarowski [3, 42, 43] as playing an important rolein
increased recombination rates OH + H ® H,O due to the presence of phosphorus containing
compounds. 1n our non-premixed flames the overdl effect of R3 in the presence of phosphorus
addition is not clear, as the reaction has regions of increased OH production aswell asregions

of decreased OH production across the flame width.

Figure 12 shows the contribution of individua reactions involving phosphorus to OH
production rates and compares them to the changes in the reaction rates of R1 and R2 (doped
rate - undoped rate) that occur when DMMP is added to the flame 1. OH production by
reactions involving phosphorus is dominated by P1.
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O+ HOPO « OH + PO,. P1

There are two phosphorus containing reactions that consume OH, but the rates are smdl (15
30%) relative to P1.

OH + PO, + M « HOPO, + M P2

OH + HOPO « H,0 + PO.. P3

Figure 12 dso shows the net change in OH production for al reactionsin that figure (P1, P2,
P3, R1 and R2). The net rate curve shows overdl destruction of OH, indicating that the shift
towards decreased production by R1 and R2 is more than sufficient to balance the direct
production of OH by P1.

Remova of H and O atoms by reactions involving phosphorus clearly plays an
important role in the observed inhibition. Caculation results show that remova of H atoms by
reactions involving phosphorus is done primarily by:

H+PO,+M « HOPO+M P4

and to alesser extent by:
H + HOPO, « H20 + PO, P5
H+ HOPO « H2 + PO, P6

Figure 13 shows the contribution of P4 to the totd H destruction rate by dl reactions involving
phosphorus. Remova of O atloms by reactions involving phosphorus is done primarily by the
OH-producing reaction P1. The contribution of P1 to O remova isaso shownin Fig. 12.
Sgnificant uncertainties remain for the rate coefficients of savera of the key reactionsinvolving
phosphorus species that have been identified here (P1, P2 and P4) [46]. Suggestionsthat the
rate coefficients for the recombination reactions P2 and P4 might need to be increased by a
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factor of 2 or more [46] could help reconcile the observed differences in magnitude of

effectiveness between the measurements and the computational predictions.

SUMMARY and CONCLUSIONS

For the firgt time, quenching-corrected LIF measurements of the influence of DMMP, a
phosphorus-based flame suppressant, on relaive OH radica concentration profilesin
moderately strained (global strain rate of 300 s*) non-premixed flames have been made.
Measurement results in an aimaospheric-pressure methane-air flame indicated that aloading of
only 572 ppm reduces the total OH population (integrated across the flame width) by 23%.

OH profilesin doped flames are smdller in magnitude than the undoped cases. Asthe flame
temperaure isincreased via subgtitution of Ar for N, in the oxidizer stream, the effectiveness of
DMMPisdramaticaly reduced. For an increase in stoichiometric adiabatic flame temperature
of 300K (al N, in the oxidizer stream replaced with Ar), the effectiveness of DMMP decreases
by nearly 90%. The trend of increasing effectiveness at lower temperatures impliesthat a
mixture of inert and phosphorus-based suppressants could interact synergistically as the physica
agent cools the flame, thus increasing the efficiency of the chemicaly active component.

Cdculations performed with a proposed mechanism for DMMP decomposition and
phosphorus radical chemistry show reasonable agreement with the measured DMMP
effectiveness and the observed temperature dependence. Measurements show a generdly
higher effectiveness, and alarger variation in effectiveness with temperature than that predicted
by the computations with this kinetic mechanism. Significant uncertainties remain for severd of
the reaction rate coefficients in the phosphorus mechanism. Further refinement of these valuesis
gill needed to improve the agreement of the computationa predictions with the experimentaly
observed magnitude and temperature dependence of OH reductions. Analysis of the
mechanism shows that the direct role of the phosphorus-containing speciesin the flameisthe
production of OH and the fast removal of H and O atoms. Thisremovd of H and O atoms
leads indirectly to the net observed decrease in OH. Calculation results show that inhibition is
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due to the phosphorus-containing radicas, PO,, HOPO, and HOPO,, formed after the
decomposition of the parent compound. This result implies that flame inhibition does not
depend on the form of the parent compound, provided that the parent bresks down in the
flame. Thus, abroad class of potential PCC fire suppressants should exigt, from which an
dternative to hdons with minima hedlth and environmenta impact may be sdlected.
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Table 1 - Flame Conditions

Hame Oxidizer T agiabatic Teaculated pesk DMMP Vo Ve
# Composition [K] [K] [pom] | [om/g] | [cmis]
1 21% O, - 79% N, 2261 1967 0-572 71 96
2 21% O, - 53% N, - 2353 2080 0-715 71 101
26% Ar
3 21% O, - 26% N, - 2450 2189 0-715 71 106
53% Ar
4 21% O, - 79% Ar 2547 2286 0-715 71 110
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Figure 1. Schematic of LIF apparatus.
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Figure 2a. Cdculated mgor species and temperature profiles for Flame 1, undoped.
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Figure 2b. Calculated mgjor species and temperature profiles for Flame 4, undoped.
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Figure 3. OH concentration profiles. Flame 1 computations are shown as the dashed line;
open symbols are for four measured profiles. Flame 4 computations are shown as the solid line;
filled symbols are for three measured profiles. Error bars represent satistica uncertainty in the
measured values.
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Figure 4. OH profile widths (FWHM). Open circles are measured vaues for dl undoped
flames. Lineswith filled symbols are computationa vaues for three different velocity boundary
conditions (B.C.). Filled circles are potentid flow B.C. with velocities of twice the volume
average (Poisauilleflow). Flled triangles are plug flow B.C. with velocities equd to the volume
average. Filled diamonds are potentid flow B.C. with locd srain rate equd to 1.60 times the
globd drainrate given by Eq. 1.
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Figure 5. Effect of 572 ppm of DMMP on OH in Hame 1. Filled symbols are for undoped
profiles;, open symbols are for doped profile. The thick line shows the computationa prediction
for the undoped profile; thin lineisthe doped profile. Phosphorus kinetic mechanism from
Wainner et d. [16].
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Figure 7. Temperature dependence of effectiveness. Open circles are effectiveness data from
Ref 9 defined in terms of reduction of globd extinction strain (Eq. 6). Filled squares are
effectiveness data from the current work defined in terms of reduction in OH concentration (EQ.
7). Error bars represent uncertainty in the measurements,
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Figure 8. Effect of 572 ppm of DMMP on caculated OH, H, and O concentration profilesin
Flame 1 (CH4/O,/N,). Dark lines are undoped profiles and thin lines are with DMMP addition.
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Figure 9. Temperature dependence of effectiveness defined as in terms of reduction in total OH
(Eq. 7). Filled circles with the dashed line are computationa predictions, filled squares are
measured data. Error bars represent uncertainty in the measurements.
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phosphorus. Solid lineis OH production rate, dotted line isH production rate, dot-dash lineis
O production rate.

Figure 10b. OH, H, and O production rates in Flame 4: sum over dl reactions involving
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Figure 12. Influence of the addition of 572 ppm of DMMP on OH production ratesin flame 1
(CH4/O4IN,). Ratesof OH production by reactions involving phosphorus P1 - P3 and changes
(DR1 and DR2) in OH production (doped rate - undoped rate) for non-phosphorus containing
reactions R1 and R2. The net effect (DNET) of these reactions is shown in bold.
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Fgure 13 H and O production rates by dl reactions involving phosphorus (solid lines) and by
individua reactions (dashed lines, see legend), in Hame 1.
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